Abstract: Mitogen-activated protein kinase (MAPK) cascades participate in various processes, including plant growth and development as well as biotic and abiotic stress responses. MAPK kinases (MKKs), which link MPKs and MPKK kinases, are involved in MAPK cascades by mediating various plant stress responses. However, only a few MKKs from Brassica campestris (rape) have been functionally characterized. This study delivers the results from isolation and characterization of a novel gene, MKK2, from rape. Bioinformatics analysis revealed that the cDNA length of MKK2 is 1,344 bp with an open reading frame of 1,068 bp, which encodes a polypeptide containing 355 amino acids. The obtained MKK2 exhibited a predicted molecular mass of 39.3 kDa and an isoelectric point of 6.8. Quantitative real-time polymerase chain reaction analysis revealed that MKK2 expression can be induced by cold and salt. Western blot analysis revealed that MKK2 protein expression can be induced by cold, salt, and UV-B radiation. The MKK2 protein was localized in the nucleus. These results suggest that MKK2 is important for the regulation of cold-and salt-stress responses in plants.
Introduction
Plants are constantly exposed to various stress stimuli, such as low temperature, high salinity, drought, and pathogen infection, all of which limit plant growth and yield. Similar to other living organisms, plants possess sophisticated signalling mechanisms that adapt their cellular metabolism to survive biotic and abiotic stress conditions. Mitogen-activated protein kinase (MAPK) signalling pathways participate in controlling cellular response and growth development in yeast, mammals, and plants (Asai et al. 2002) . Extracellular signals (e.g., growth factors, hormones, cytokines, and antigens) and stress conditions (e.g., heat shock and osmotic imbalance) activate MAPK members. Molecular and biochemical studies used antibodies specific to particular MAPKs and revealed that MAPK activation correlates with stimulatory treatments, such as pathogen infection, wounding, low temperature, drought, hyper-and hypo-osmolarity, high salinity, touch, and reactive oxygen species (Romeis 2001; Tena et al. 2001; Zhang & Klessig 2001) . The MAPK cascade is highly conserved among eukaryotes and consists of three kinases that function in series, namely, MPK kinase kinases (MKKKs), MPK kinases (MKKs), and MPKs. These kinases phosphorylate a target on specific residues to propagate a signal (MAPK Group 2002; Nakagami et al. 2005; Pitzschke et al. 2009; Popescu et al. 2009 ). MPKs are activated by phosphorylation on their threonine and tyrosine (TXY) residues located in the activated loop (T-loop) by the dualspecificity kinases MKKs. MKKKs are the first components of this phosphor-relay cascade that activates MKKs by phosphorylating serine/threonine residues (Schaeffer & Weber 1999) . Different MAPK pathways that respond to various external stimuli have been characterized in yeasts, animals, and plants (Hohmann 2002; Jonak et al. 2002) . MAPK is rapidly activated in plants upon exposure to various abiotic and biotic stress conditions, including cold, drought, wounding, and pathogen infection (Agrawal et al. 2002; Link et al. 2002; Cheong et al. 2003; Kim et al. 2003) .
The Arabidopsis genome contains at least 60 MKKK (AtMKKK), 10 MKK (AtMKK), and 20 MPK genes (AtMPK). A similar set of genes is found in the sequenced genomes of other plants, such as rice (Oryza sativa), poplar (Populus sp.), and grapevine (Vitis vinifera) (MAPK Group 2002; Hamel et al. 2006) . Studies suggest that MKKs activate multiple MPKs, and interactions between various signal transduction pathways are concentrated at this level in plant MAPK cascades. MKKs also have important functions in plant biotic and abiotic stress responses. AtMKK1 activates AtMPK3 to transmit drought, salt, and cold signals in Arabidopsis (Mizoguchi et al. 1998) . The full genome transcriptome analysis of plants that express activated MKK2 revealed significant changes in the expression of 152 genes that encode proteins involved in transcriptional regulation, defence, signalling, and metabolism; many of these genes overlap with recently identified marker genes for cold and salt stress responses in Arabidopsis (Teige et al. 2004) . SIMKK activates SIMK to regulate salt-stress signals in tobacco (Kiegerl et al. 2000; Jonak et al. 2002) . NtMEK2 activates SIPK and WIPK to regulate osmotic stress signals (Mikolajczyk et al. 2000) . In rice, OsMKK4 and OsMKK6 are strongly regulated by cold and salt stress conditions, whereas OsMKK1 is regulated by salt and drought stress conditions (Kumar et al. 2008) . ZmMKK4 is a positive regulator of salt and cold tolerance in maize (Kong et al. 2011) . GhMKK5 functions in pathogen infection and in the regulation of salt and drought stress responses in cotton .
Brassica campestris (rape) is an important oil crop. However, the growth and yield of this crop are severely limited under various biotic and abiotic stress conditions. MKK serves important functions in biotic and abiotic stress conditions in plants. However, the function of MKK in B. campestris remains unclear. This study isolated and characterized MKK2, an MKK gene, from rape leaves. Two B. campestris varieties (Longyou 6 and Tianyou 2) were used as experimental subjects. Longyou 6 exhibits stronger resistance to cold than Tianyou 2. Longyou 6 seedlings can survive winter at -32 • C as well as winter in the cold and arid regions in Northern China. The MKK2 transcript and MKK2 expression of Tianyou 2 and Longyou 6 were also investigated under different abiotic stress conditions.
Material and methods
Plant material, growth conditions, and treatments B. campestris seeds were surface sterilized and planted on a Murashige and Skoog (MS) medium to allow the seeds to germinate under greenhouse conditions at 18/25
• C (night/day). The photosynthetic active radiation was 130 µmol m −2 s −1 , and the photoperiod was 10 h/14 h (day/night). Two-or three-leaf stage B. campestris seedlings were transplanted to soil and maintained under greenhouse conditions. Uniformly developed B. campestris seedlings were subjected to 4
• C for 0, 12, 24, 36, and 48 h for the temperature treatment. Uniformly developed seedlings were inoculated with solutions containing different NaCl concentrations (0, 50, 100, 150, and 200 mM) for 36 h for the salt treatment. Uniformly developed seedlings were exposed to 120 µW cm −2 UV-B for 2, 4, 6, and 8 h for the UV-B radiation treatment. Leaf samples from the control and treated plants were collected for RNA or protein extraction. Each treatment was repeated at least thrice.
Total RNA isolation Total RNA was isolated from B. campestris leaves using Trizol (Tiangen, China) according to the manufacturer's protocol. The quality of the extracted total RNA was determined at an absorbance ratio of 260/280 by electrophoresis. The total RNA was then stored at -80
• C until use in the subsequent experiments.
Cloning of the full-length cDNA of MKK2 Total RNA was extracted as previously described. After DNase treatment, first-strand cDNA mixtures were synthesized using an M-MLV reverse transcriptase kit (Invitrogen, USA). The core fragment of MKK2 was amplified using the prepared cDNA. Two degenerate primers (B2-U 5'-AGGATGG(G/A)GA(C/T)CTTCAAGTGA-3' and B2-
were designed according to the conserved sequences of MKK2 from other plants. The core fragment of MKK2 was amplified according to the manufacturer's protocol (Premix Ex Taq DNAPolymerase Ver. 2.0, TaKaRa, Japan). The amplified products were then purified using a TIANgel Midi purification kit (Tiangen, China) and cloned into the pGM-T vector (Tiangen, China). The recombinant plasmid was transformed into Trans10 chemically competent cells (TransGen, China) and then sequenced.
The full-length cDNA was amplified through rapid amplification of cDNA ends (RACE) according to the user's manual of the GeneRacer kit (Invitrogen, USA). The total RNA was initially treated with calf intestinal phosphatase to remove 5' phosphates and then with tobacco acid pyrophosphatase to remove the 5' cap structures from the intact, full-length mRNA. GeneRacer RNA oligo was ligated to the 5' end of the mRNA using a T4 RNA ligase reverse transcribed using a cloned avian myeloblastosis virus reverse transcriptase and a GeneRacer oligo dT primer to produce RACE-ready, first-strand cDNA with known priming sites at the 5' and 3' ends. B2-3'RACEU1 5'-GACGGCGGATCTCTTTTGGATTTATT-3' and B2-3'RACED 5'-ACGCTACGTAACGGCATGACAGTG-3' were used as primers, and RACE-ready cDNA was used as a template for the first PCR amplification of 3'-RACE. B2-3'RACEU2 5'-CCGGGATTTGAAGCCTTCCAACTT-3' and B2-3'RACED were used as primers, and the product of the first 3'-RACE PCR amplification was used as a template for the subsequent nested PCR amplification of 3'-RACE. The PCR parameters set for both amplification cycles were as follows: denaturing at 95
• C for 5 min; 30 cycles of amplification at 98
• C for 30 s, 58
• C for 40 s, and 68
• C for 50 s; and a final extension at 68
• C for 10 min. B2-5'RACEU1 5'-GACTGGAGCACGAGGACACTGACAT-3' and B2-5'RACED1 5'-ATCCGCCGTCCATGAACTCCAT TA-3' were used as primers, and RACE-ready cDNA was used as a template for the first PCR amplification of 5'-RACE. B2-5'RACEU2 5'-GCACGAGGACACTGACATG GACTGA-3' and B2-5'RACED2 5'-AATGGCTCGACATG TGGACTCTTCTGT-3' were used as primers, and the product of the first 5'-RACE PCR amplification was used as a template for the subsequent nested PCR amplification of 5'-RACE. The first and nested PCR amplifications of 5'-RACE were performed under the same conditions: 30 cycles of 30 s at 98 • C. The RACE PCR products were purified and then inserted into the pGM-T vector (Tiangen, China) for sequencing.
Gene-specific primers were designed according to 5'RACE and 3'RACE to amplify the full-length coding cDNA of MKK2. The PCR products were purified and cloned into the pGM-T vector before sequencing. PCR amplification was repeated thrice. The molecular characteristics of the full-length MKK2, such as conserved motifs and sequence homology, were subsequently analyzed.
Quantitative real-time PCR analysis
The total RNA from different organs (stem, leaf, and hypocotyl) of four-week-old plants was extracted using Trizol reagent to investigate the expression pattern of MKK2 in different tissues and under different abiotic stress conditions. The total RNA was then used for quantitative real-time PCR (qRT-PCR) analysis. First-strand cDNA was synthesized using a PrimeScript RT reagent kit with DNA eraser (Perfect Real Time) (TaKaRa, Japan). The gene-specific primers MKK2DL-U 5'-TCGAATGTGCAACGGGTAAG-3' and MKK2DL-D 5'-GGAGAGAACAGGTGGGAAG GT-3' were used to amplify MKK2. Given their stable expression, β-actin-F 5'-TGTGCCAATCTACGAGGGTTT-3' and β-actin-R 5'-TTTCCCGCTCTGCTGTTGT-3' primers were used to amplify the β-actin fragment as an internal control. Amplification was performed in a 96-well plate with a 25 µL reaction volume containing 12.5 µL of 2× SYBR Premix Taq TM (TaKaRa, Japan), 0.5 µL of PCR forward primer (10 µM), 0.5 µL of PCR reverse primer (10 µM), 2 µL of cDNA template, and 9.5 µL of dH2O. • C for 20 s. The standard curve and gene expression levels were automatically determined by the system. The melting curve of the amplified products was determined at the end of each PCR reaction to confirm that only one product was amplified. The MKK2 gene expression was set to 1 for the control treatment (calibrator). Data were presented as the relative mRNA expression (mean ± standard deviation).
Statistical analysis
Statistical analyses were performed using Microsoft Excel.
Subcellular localization analysis of transiently expressed fusion proteins
The full-length MKK2 coding region was amplified using the primers BnMKK2-DW-U (5'-CGTCTAGAATGAAGAGA GGCAGCTTGAG-3', XbaI site underlined) and BnMKK2-DW-D (5'-GGGTACCGCTGTTAGCTAGTGGG-3', KpnI site underlined). The coding sequence of the gene was inserted in the XbaI and KpnI sites of the pBI121-GFP vector to generate an MKK2:GFP in-frame fusion with green fluorescent protein (GFP). The recombinant plasmid MKK2:GFP and GFP alone were introduced to Agrobacterium tumefaciens strain GV3101, which was used for the transient transformation of onion epidermal cells. The onion epidermal cells were previously incubated on MS agar plates at 28
• C with light illumination for 24 h. After transformation, the tissues were placed on the same agar plates and then incubated at 25
• C for 48 h and a photoperiod of 16/8 h (day/night). The transient expression of the MKK2:GFP fusion protein was observed under a confocal microscope.
Preparation of MKK2 antibodies and Western blot assay
The peptide corresponding to the C-terminus of MKK2 (CVQKDPRDRKSARELLD) was synthesized and conjugated to a keyhole limpet haemocyanin carrier. Polyclonal antiserum was raised in rabbits and was purified through affinity column chromatography. The antibody was referred to as anti-MKK2.
B. campestris Longyou 6 and Tianyou 2 leaves were ground in liquid nitrogen and homogenized in an extraction buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 0.5% sodium dodecyl sulphate, 0.5% sodium deoxycholate, 1% NP-40, and 1 mM phenylmethylsulfonyl fluoride. After centrifugation at 13,000 rpm for 20 min at 4
• C, the supernatants were transferred into clean tubes, immediately frozen in liquid N2, and then stored at -80
• C. The protein content of the mixtures was determined using the Bradford assay.
For Western blot, 50 µg of total protein/lane was separated through electrophoresis on 10% sodium dodecyl sulphate-polyacrylamide gels. The proteins were transferred to nitrocellulose membranes through semi-dry electroblotting. The membranes were blocked overnight with Tween-Tris-buffered saline (TTBS; 20 mM Tris at pH 7.5, 0.5 M NaCl, and 0.1% Tween 20) containing 3% non-fat dry milk and then incubated with anti-MKK2 antibody for 2 h in TTBS (1:1000 dilution; GL Biochem Ltd., Shanghai). The membranes were washed several times with TTBS, and the bound antibodies were detected using a horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2000 dilution, Sangon.shanghai) solution.
Results

Identification and analysis of MKK2 cDNA
The primers B2-U and B2-D were designed and synthesized using known cDNA sequences of the conserved regions of plant MKK genes. The primers were used to amplify the MKK middle region, such as the cDNA from B. campestris. A single 783 bp fragment was obtained. Based on this middle-region sequence, we designed two gene-specific primers and used them in 3'-RACE. A single specific fragment of approximately 671 bp was obtained, and a 3' untranslated region of 165 bp was found downstream of the stop codon. Two specific reverse primers were designed for 5' RACE. A single specific fragment of approximately 593 bp was also obtained, and a 5' untranslated region of 111 bp was found upstream of the first ATG codon. Based on the middle-region sequences and 3'-and 5'-RACE products, we obtained and amplified the full-length cDNA by using a pair of primers. The full-length cDNA was confirmed by sequencing three times. The cloned fulllength cDNA of the B. campestris MKK gene is 1,344 bp long and contains a 19 bp polyA tail. The cDNA contains a 1,068 bp open reading frame that encodes a protein containing 355 amino acids with a calculated molecular weight of approximately 39.3 kDa and an isoelectric point of 6.8 (GenBank accession number: HQ848661).
A phylogenetic tree was constructed using the Clustal method implemented in the DNAStar software (http://www.dnastar.com/) on the basis of the genetic distances of the protein sequences. Homology analysis of the predicted amino acid sequences suggested that plant MKKs can be grouped into at least four distinct groups. The relationship tree of the cloned plant MKKs showed that B. campestris MKK2 can be grouped into subgroup A (Fig. 1) . Comparison of the predicted pro-tein sequences of the MKK2 with MKKs of other plants shows that the MKK2 is homologous to Arabidopsis At-MEK1 (89.1%), Malus × domestica MdMKK1 (71%), Petroselinum crispum PcMKK2 (69.4%), Lotus japonicus LjMKK2 (69.2%), and Brassica napus BnaMKK2 (68%).
The secondary structure of the putative MKK2 protein was analyzed using the SOPMA server (http:// npsa-pbil.ibcp.fr/). Results show that the putative MKK2 peptide contains 38.59% α-helix, 15.21% β-strand, 6.48% β-turn, and 39.72% random coil (Fig. 2) . The α-helices and random coils constitute the interlaced domain of the main part of the secondary structure. The above sequence analyses indicate that MKK2 has many characteristics common to the MKKs from plants and that family A members share highly similar sequences.
Expression profile of MKK2 in different tissues
The tissues were subjected to qRT-PCR to analyze MKK2 expression in the different organs (stem, leaf, and hypocotyl) of B. campestris Longyou 6. MKK2 was not selectively expressed in these tissues, but the leaf tissues exhibited relatively higher abundance than the other tissues (Fig. 3) .
MKK2 expression patterns in B. campestris leaves under cold and salt stress conditions
The expression patterns of MKK2 under different abiotic stress conditions were analyzed through qRT-PCR to determine whether or not the MKK2 gene is involved in B. campestris defence mechanisms.
Low temperature is an important environmental stress factor that limits the native flora distribution and reduces plant productivity (Yang et al. 2012 ). Therefore, the mechanisms by which low temperatures modulate MKK2 development must be understood. MKK2 transcript levels rapidly increased after exposure to 
4
• C. The transcript levels of MKK2 in Longyou 6 increased even faster than that in Tianyou 2. The transcript levels of MKK2 in Longyou 6 and Tianyou 2 progressively increased until 48 h (Fig. 4) .
A MAPK cascade is involved in several signal transduction pathways in plants (Hirt et al. 1997 ). Thus, we examined the effects of salt stress on MKK2 expression. For the salt treatment, the expression level of MKK2 in Longyou 6 and Tianyou 2 peaked after NaCl treatment at 50 mM and gradually decreased with increasing NaCl concentration (Fig. 5 ).
MKK2 localization in the nucleus
Transient expression assays were performed using onion epidermal cells with constructs that express GFP alone and the MKK2:GFP fusion protein to examine the subcellular localization of MKK2 in living cells. Confocal microscopy showed that the MKK2:GFP fusion protein was localized in the nucleus. By contrast, the control GFP alone was distributed in the entire cytoplasm (Fig. 6) . These results indicate that MKK2 is localized in the nucleus.
Induction of the MKK2 protein by different stress signals
The expression patterns of MKK2 were confirmed by Western blot under different abiotic stress conditions to determine whether or not MKK2 expression is involved in B. campestris defence mechanisms.
The expression level of MKK2 in Longyou 6 gradually increased and peaked at 48 h after exposure to 4
• C (Fig. 7A) . The expression level of MKK2 in Tianyou 2 rapidly increased, peaked at 36 h after cold treatment, and then gradually declined (Fig. 7B) . The expression level of MKK2 in Longyou 6 did not significantly change compared with the control after treatment with 50 and 100 mM NaCl but gradually decreased as NaCl concentration increased (Fig. 7C) . The expression level of MKK2 in Tianyou 2 peaked after NaCl treatment at 50 mM but rapidly decreased as NaCl concentration increased (Fig. 7D) . The expression level of MKK2 in Longyou 6 rapidly increased and peaked at 6 h after UV-B radiation treatment and then gradually decreased, reaching near-basal level at 8 h (Fig. 7E) . The expression level of MKK2 in Tianyou 2 peaked at 2 h and then gradually decreased (Fig. 7F) .
Discussion
Unfavourable environmental conditions, particularly salinity, extreme temperature, drought, pollution, pathogens, and insects, greatly affect plant growth, development, and productivity. Plants have developed a complex signalling network that senses and protects them from the ever-changing environment to survive. Recent studies have shown that MAPK cascades serve important functions in plant responses to multiple stress conditions (Hirt 1997 wounding, pathogen infection, temperature, drought, salinity); these kinases are also crucial in plant hormone signalling cascades and cell division (Hirt 1997; Zhang et al. 2006) .
MKKs, as the middle organization of MAPK cascades, interact with MKKKs and MPKs through phosphorylation (Cai et al. 2014) . A previous study analyzed MKKs in the Arabidopsis genome and revealed four groups consisting of 10 MKKs . The number of MKKs in the Arabidopsis genome is only half of the number of MPKs; therefore, MKKs possibly activate multiple MPKs, and the interaction between various signal-transduction pathways may be concentrated at this level in plant MAPK cascades . For instance, MKK2 activates MPK4 and MPK6 (Teige et al. 2004) , and MKK3 activates MPK6 and MPK7 (Takahashi et al. 2007 ). Several MKKs have been identified in different plants. Arabidopsis MKK1 is activated by salt, drought, and wounding, and phosphorylates MPK4 (Matsuoka et al. 2002) . AtMKK2 mediates cold and salt stress signalling (Teige et al. 2004 ). AtMKK3 overexpression in Arabidopsis enhances salt tolerance and increases abscisic acid sensitivity; this finding suggests that AtMKK3 is an important signal transducer of abscisic acid and salt stress responses (Hwa & Yang 2008) . The AtMKK4/5-AtMPK3/6 pathway serves important functions in plant immunity, ethylene signalling, and stomatal patterning in the epidermis (Asai et al. 2002; Wang et al. 2007; Liu et al. 2008 Liu et al. , 2010 Han et al. 2010) . Activated AtMKK9 increases the sensitivity of transgenic plants to salt . ZmMKK4 overexpression in Arabidopsis also increases tolerance to cold and salt oxidative stress conditions; this finding indicates that ZmMKK4 is another positive regulator of salt, cold, and oxidative tolerance in plants (Kong et al. 2011 (Kong et al. , 2013 . GhMKK5 overexpression enhances resistance to bacterial pathogens but reduces resistance to oomycete pathogens, salt, and drought stress conditions . PRKK activates SIMK, MMK3, and SAMK in response to fungal pathogens (Cardinale et al. 2002) . SIMKK transmits salt and elicitor-induced signals with different substrate specificities (Kiegerl et al. 2000; Cardinale et al. 2002) . The transient dexamethasone-induced overproduction of a constitutively active form of tobacco Nt-MEK2 in tobacco leaves activates SIPK and WIPK, and increases hypersensitivity to cell death (Yang et al. 2001) .
This study described the characteristics of an MKK (MKK2) isolated from B. campestris. MKK2 belongs to the A subgroup and is expressed in different B. campestris organs. Two B. campestris varieties (Longyou 6 and Tianyou 2) were used as experimental subjects. Longyou 6 exhibited higher cold resistance than Tianyou 2 (data not shown). Longyou 6 seedlings can survive winter at -32 • C.
MAP kinases in plant signalling are regulated at the transcriptional, translational, and post-translational levels (Pitzschke et al. 2009 ). The transcript levels of MKK2 in Longyou 6 and Tianyou 2 progressively increased until 48 h after cold stress treatment. This result shows that MKK2 is activated at the transcriptional level by cold temperature. However, the transcript level of MKK2 in Longyou 6 was maintained at a higher level compared with that of MKK2 in Tianyou 2. The translational level of MKK2 was verified through Western blot using an antibody against the C-terminus of MKK2. The changes in translational levels significantly slowed compared with the changes in transcriptional levels after exposure to 4
• C. The MKK2 protein Identification of MKK2 gene in oilseed rape 1479 in Longyou 6 slightly increased at 48 h. The MKK2 protein in Tianyou 2 significantly increased at 36 h but gradually declined at 48 h after cold treatment. This result indicated that the MKK2 protein in Tianyou 2 was more rapidly induced than that in Longyou 6. The slight increase in the transcriptional levels of MKK2 in Longyou 6 must be further analyzed to clarify the function of MKK in cold stress signalling. The MPK6 kinase activity of MKK9WT and MKK9EE in transgenic Arabidopsis plants was increased after DEX treatment, and the increase in activity was further enhanced with the progression of DEX induction, but the protein levels of MPK6 were not increased (Zhou et al. 2009 ). Qiu et al. (2008) also showed that wild-type and mkk1/2 double mutants display different MPK4 kinase activities after flg22 treatment; however, MPK4 protein levels remain constant. Therefore, the changes in protein levels do not represent the changes in kinase activity levels. Whether or not MKK2 kinase activity is induced by cold treatments requires further studies.
A cold-inducible gene also responds to water deficiency (Jonak et al. 1996) . Furthermore, a MAPK cascade is involved in several signal transduction pathways in plants (Hirt et al. 1997) . For instance, BnaMKK2 is significantly induced by stress conditions, including cold, oxalic acid, salicylic acid, and Sclerotinia sclerotiorum infection (Liang et al. 2013) . Considering these findings, we examined the effects of salt stress on MKK2 expression. MKK2 expression increased in Longyou 6 and Tianyou 2 after NaCl treatment at 50 and 100 mM compared with the control. MKK2 expression did not significantly change in Longyou 6 and Tianyou 2 after NaCl treatment at 150 mM but decreased at 200 mM compared with the control. However, the transcript level of MKK2 in Longyou 6 was maintained at a higher level compared with that of MKK2 in Tianyou 2 after NaCl treatment at 50, 100, and 150 mM. These results are consistent with the cold and salt stress resistances of Longyou 6 and Tianyou 2. Therefore, MKK2 possibly regulates the cold (4 • C) and salt stress (50 and 100 mM NaCl) responses of B. campestris. MKK2 was activated by more than one type of stress. This result suggests that MKK2 functions as a convergence point in stress signalling. This induction in response to different stimuli has also been observed in other molecules involved in plant defence responses, thereby producing an overlapping response and cross-protection against environmental stress factors (Jin et al. 2010; Hasthanasombut et al. 2011) . mRNA and protein levels do not always correlate with each other for a given gene (Greenbaum et al. 2003) . The translational level of MKK2 under the salt treatment was verified through Western blot. The protein expression of MKK2 in Tianyou2 was induced by 50 mM NaCl. Although the translational levels of MKK2 significantly increased after NaCl treatment at 50 and 100 mM in Longyou 6, the protein level of MKK2 did not significantly differ compared with the control. Gygi et al. (1999) also found that even similar mRNA expression levels may be accompanied by a wide range (up to 20-fold difference) of protein abundance levels, and vice versa. The poor correlation between the mRNA and protein levels can be attributed to the many complicated and varied post-transcriptional mechanisms involved in translating mRNA into protein. Thus, the changes in translational levels significantly lagged compared with the changes in transcriptional levels.
The subcellular localization of MAPK components must be investigated to determine the functions of MAPK cascades in signal transduction . Evidence has suggested that MKKs are located in different organelles and that proteins change localizations under different environmental conditions. For instance, NbMKK1 and ZmMKK4 are localized in the nucleus (Takahashi et al. 2007; Kong et al. 2011) . However, AtMKK4, ZmMKK3, GhMKK5, and BnaMKK2 are observed in both the cytoplasm and the nucleus (Rodriguez et al. 2010; Zhang et al. 2012a,b; Liang et al. 2013) . Coronado et al. (2002) studied the dynamic changes in MAPK-active forms in plant differentiation and proliferation. Active MAPKs increase during pollen differentiation, particularly in the nucleus. After activation, these MAPKs are possibly translocated to the nucleus, where MAPKs likely activate transcription factors. The transient expression of constitutively active MKK forms in A. thaliana protoplasts show that MKK9 is found only in the nucleus, where MPK3 and MPK6 are activated. ZmMKK1 is also mainly localized in the cytoplasm, but its constitutive kinase-active form ZmMKK1 DD is translocated in both cytoplasm and nucleus (Cai et al. 2014) . AhMPK3 is located in the nucleus and cytoplasm, but the AhMPK3 protein predominantly accumulates in the nucleus after H 2 O 2 treatment ). Segui-Simarro et al. (2005) also described the differential subcellular distribution of putative B. napus ERK MAPKs proteins; particularly, ERK MAPKs enter the nucleus upon activation and are potentially involved in a proliferative response. In the present study, the transient expression of the MKK2:GFP fusion protein in onion epidermal cells indicates that MKK2 is a nucleus-localized protein. In addition, the MKK protein is synthesized in the cytoplasm and may change localization under different environmental stimuli or activity levels.
Several in vitro and in vivo studies showed that AtMPK3/6 is a possible downstream target of AtMKK4, and that AtMKK5 interacts only with AtMPK6 (Lee et al. 2008) . AtMKK2 is activated during cold signalling and phosphorylates AtMPK4/6 (Teige et al. 2004) , and membrane rigidification occurs upstream of the MEKK1-MKK2-MPK4 cascade during cold acclimation (Furuya et al. 2014) . Furthermore, NtMEK2 phosphorylates NtSIPK/WIPK, MsSIMKK interacts with and phosphorylates MsSIMK, and OsMKK4/5 phosphorylates OsMPK3/6 (Kong et al. 2011) . The MKK2 gene in B. campestris is activated by cold and salt stress factors at a transcriptional level. Thus, a putative MKK2 possibly mediates the MAPK cascade, which is a common signalling event shared by various signalling pathways. Hence, defence responses are activated in B. campestris. A full-length cDNA that encodes MKK4 and a full-length cDNA that encodes MPK6 were isolated and partially characterized from B. campestris in previous studies. The MKK4 is activated by cold and salt stress factors at the transcriptional level . The MPK6 gene in Longyou 6 can also be induced by cold stress. The transcript levels of Longyou 6 MPK6 are up-regulated at 12 h after treatment and progressively increased at 48 h (Wang et al. 2012) . The changes in the transcript levels of MPK6 were similar to those in MKK2 and MKK4. However, whether or not the MPK6 is the downstream target of MKK2 orMKK4 requires further investigations.
